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Locked Nucleic Acid Biomolecular Handles Functionalize Double-
Stranded DNA for Single Molecule Manipulation
John P. Berezney, Omar A. Saleh.
University of California, Santa Barbara, Santa Barbara, CA, USA.
This work shows that short mixmers composed of Locked Nucleic Acid (LNA)
and DNA can be used to add functional groups to specific sequences within
a double stranded DNA molecule for single molecule manipulation (SMM)
experiments. Traditional immobilization protocols often preclude experiments
on native biomolecular complexes; the use of these biomolecular LNA handles
could broaden the experimental possibilities by providing a simple, non-
pertubative labeling strategy. We show triplex-forming LNA probes with
functional moities can immobilize DNA stably and specifically with one simple
hybridization step. Further investigations of stability show that, although the
LNA handles are stable under shear forces up to 10 pN for long times, they
are up to two orders of magnitude less stable when force is applied in a geom-
etry which sequentially destabilizes the triplexes (i.e. an unzipping configura-
tion). We provide a set of rules for the esign and use of LNA handles in
SMM applications and show results using biomolecular handles on DNA struc-
tures from E. coli.
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Ruthenium complexes are small synthetic molecules with a wide range of uses
including cancer therapy, and as a research tool to understand chemical carci-
nogenesis. Specifically, ruthenium dimers like [m-C4(cpdppz)2(phen)4Ru2]
4þ
have been engineered to have a high affinity for DNA and a very low dissoci-
ation rate. The complex consists of two Ru(phen)2 moieties connected by a
flexible linker, and its strong DNA binding inhibits replication of DNA in
target cancer cells. To quantify the rate at which DNA binding occurs for
this dimer, double-stranded DNA is stretched with optical tweezers, and
exposed to the ligand under a fixed applied force. When binding to DNA, the
two Ru(phen)2 moieties intercalate between base pairs via a threading mecha-
nism. Intercalation results in an increase in the length of the target DNA, and
the rate of this increase depends exponentially on the applied force. Force-
dependent fast and slow rates indicate two step binding in which the rate-
limiting step of each intercalation event involves DNA elongation by
0.22 þ/- 0.01 nm. The intercalation of the first moiety is rapid, followed by
threading of the complex which is an order of magnitude slower as it requires
local DNA melting. These studies demonstrate the capability of optical twee-
zers to elucidate the mechanism of complex DNA-ligand interactions, which
may facilitate the rational design of DNA binding ligands with specific DNA
interaction properties.
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A Minimal Optical Trapping and Imaging System
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We have constructed and tested a simple and versatile optical tweezers appara-
tus made from individual optical components, capable of visualizing individual
microtubules (~25 nm in diameter) and studying biomolecules at the single-
molecule level, using a minimal set of parts. Our design is based on a conven-
tional, inverted microscope operating under plain bright field illumination. The
illuminating system of the microscope is composed of a current-stabilized LED
source, a collector lens system, a field diaphragm, a condenser iris diaphragm,
a relay lens (LR) that images the condenser iris diaphragm onto the condenser
back focal plane (BFP), and the condenser. All of these elements are adjusted
for Koehler illumination. On the other hand, a single IR laser beam, coupled
into the microscope, enables both standard optical trapping and BFP detection
for the measurement of molecular displacements and forces. A convenient fea-
ture of our optical setup is that the relay lens LR effectively decouples the il-
luminating system from the optical tweezers detection stage. In practice, we
can close the condenser iris diaphragm almost entirely (~90%) to maximize
contrast for sample visualization, while simultaneously using the full numerical
aperture of the condenser for BFP detection. We are able to further optimize
imaging of the microscope by using computer-based digital image processing,
effectively removing the background, reducing noise, and enhancing contrast.
Altogether, our system yields excellent sample visualization in real-time, with-
out the use of any specialized optics and without affecting the optical tweezersoptical path. We have tested the optical trapping instrument by measuring the
persistence length of double-stranded DNA at high ionic strength (150 mM of
Naþ), and by following the stepping of the motor protein kinesin on clearly
imaged microtubules. The approach presented here provides a straightforward
alternative for the study of biomaterials and individual biomolecules.
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Understanding membrane transport is of central importance in biology. In
many cases transport across membranes is regulated by nanometre scale
openings often named nanopores. For a deeper understanding and thus better
control of membrane transport our ability to engineer nanopores is crucial.
DNA origami offers a novel method for designing biomimetic nanopores.
We recently published work on creating a nanopore made by DNA origami
(highlighted in Nature Materials). We designed 3D DNA origami pores with
a smallest constriction of 7.5 nm and inserted them in fabricated solid-state
nanopores with diameters of 13-18 nm in silicon nitride membranes. Salt
solution was added on both sides of the silicon nitride membrane and upon
applying a potential of 100 mV the DNA origami moved by electrophoresis
and assembled into the solid state nanopore as measured by the reduction in
ionic current. This process could be repeated since switching the polarity of
the potential ejected the DNA origami from the solid state nanopore.
We are now exploring the novel opportunities DNA origami offers for mimick-
ing the properties of membrane proteins and for improving the specificity of
nanopore sensors.
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As nanopore technology develops into a mature field, understanding the phys-
ics of polymer translocation through nanopores is more important now than
ever before. For charged molecules such as DNA, the electrophoretic force re-
mains the main driving force; however, its direct measurement in solid-state
nanopores has been achieved only relatively recently. Our measurements rely
on combining optical tweezers with glass nanopores based on nanocapillaries,
in order to stall single DNA molecules in a molecular tug-of-war. The forces
involved can be explained by carefully considering electrohydrodynamic ef-
fects, which are critically dependent on the boundary conditions of the system.
Previous studies have concentrated on single DNA molecules; here, we present
results for up to 12 DNAmolecules simultaneously held in a nanopore. We find
that hydrodynamic interactions between DNAmolecules are important, even in
the thin-Debye-layer limit. These lead to a decrease in the force per molecule as
more molecules are inserted. A simple scaling argument based on a mean field
theory explains our results. Our investigation highlights the effect of confine-
ment in determining the effective force responsible for DNA translocations.
The insight gained may be applicable in a wider context, such as in gel electro-
phoresis, where charged polymers move through a crowded network.
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We report that DNA nanoplates on nanopores in solid-state membranes realize
a novel route for macromolecular sensing and sequencing with nanopores [1].
By employing programmable self-assembly with DNA origami, nanoplates are
made that are permeable for small ions but by default impermeable for macro-
molecules such as proteins and DNA. Custom apertures in the center of the
nanoplates are shown to enable or inhibit macromolecular translocation in
a size- selective fashion. Chemical moieties in the aperture convert the nano-
plates into user-definable chemically-selective gatekeepers for nanopores.
This is exemplified in experiments with single- stranded bait motifs in the nano-
plate aperture that enable the sequence-specific detection of prey DNA mole-
cules by current blockade dwells that are specific to the base-pairing
interactions between the bait and prey molecules.
